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SUMMARY  PAGE 


THE  PROBLEM 

To  examine  the  etiology  of  decompression  sickness,  and  to  reappraise 
the  long-held  bubble  theory  in  the  light  of  the  concept  of  disseminated 
intravascular  coagulation. 


FINDINGS 

An  historical  summary  of  the  development  of  the  bubble  theory  is 
given,  as  well  as  the  points  that  have  been  debated  and  the  reasons  for  the 
questions  that  have  been  raised.  It  appears  questionable  whether  the 
bubble  theory  alone  can  explain  all  the  observable  phenomena.  The  concept 
of  disseminated  intravascular  coagulation*  is  presented  as  a  possible  co¬ 
existing  condition  in  at  least  some  of  the  cases  of  decompression  sickness. 
An  extensive  bibliography  (124  items)  is  included. 


APPLICATIONS 

The  information  presented  in  this  discussion  is  important  for  all  med¬ 
ical  officers  and  physicians  who  are  or  may  be  involved  with  the  treatment 
of  decompression  sickness.  It  may  lead  to  new  forms  of  therapy. 


*A  transient  coagulation  occurring  in  the  flowing  blood  throughout  the 
vascular  tree  which  may  obstruct  the  microcirculation.  It  involves  the 
transformation  of  fibrinogen  to  fibrin;  it  includes  the  agglutination  of  red 
blood  cells,  and  sticking  of  platelets.  It  is  often  present  in  shock. 
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ABSTRACT 


The  etiology  of  decompression  sickness  is  discussed  from  the  point  of 
view  of  its  historical  development  from  1670  (Robert  Boyle)  to  the  present. 
A  number  of  authors  are  cited  who  have  called  attention  to  circumstances 
unexplained  by  the  bubble  theory,  and  pointing  to  the  existence  of  other 
mechanisms  in  the  production  of  decompression  sickness. 

The  concept  of  disseminated  intravascular  coagulation  (DIC)  is  one  of 
the  mechanisms  which  has  been  receiving  much  attention  as  a  possible  co¬ 
existing  condition  in  at  least  some  of  the  cases  of  decompression  sickness. 
DIC  is  a  transient  coagulation  occurring  in  the  flowing  blood  throughout  the 
vascular  tree  which  may  obstruct  the  microcirculation.  It  involves  the 
transformation  of  fibrinogen  to  fibrin;  it  includes  the  agglutination  of  red 
blood  cells,  and  sticking  of  platelets.  It  is  often  seen  in  cases  of  shock. 

Further  development  of  these  theories  may  lead  to  new  forms  of 
therapy  for  decompression  sickness. 

An  extensive  bibliography  (124  items)  is  included. 


DISCUSSION  OF  DISSEMINATED  INTRAVASCULAR  COAGULATION 

IN  DECOMPRESSION  SICKNESS 


INTRODUCTION 

The  exposure  of  animals  or  man  to  de¬ 
creased  atmospheric  pressures  can  provoke  a 
variety  of  symptoms.  In  the  extreme,  de¬ 
compression  can  lead  to  sudden  and  violent 
death.  If  properly  controlled,  however,  de¬ 
compression  may  be  followed  by  a  benign 
course  with  little  or  no  observable  pathology. 

Historically,  much  has  been  written  con¬ 
cerning  variations  in  symptoms  between  cais¬ 
son  workers,  divers,  and  aviators.  It  is  the 
consensus,  however,  that  any  type  of  decom¬ 
pression  can  cause  similar  bodily  derange¬ 
ments  and  that  the  number  and  severity  of 
symptoms  is  generally  proportional  to  the 
rate  of  decompression  (assuming  equivalent 
tissue  saturations). 

The  bubble  theory,  by  far,  has  had  the 
widest  support  and  has  done  much  to  eluci¬ 
date  the  problems  involved  in  decompression 
illness.  It  has  certainly  withstood  the  test  of 
time.  Nevertheless,  the  etiology  of  decom¬ 
pression  sickness  has  been  widely  debated 
throughout  history.  Even  today,  it  is  still 
questionable  whether  the  bubble  theory  alone 
can  explain  all  the  observable  phenomena. 

As  an  addition  to  the  bubble  theory,  this 
paper  will  discuss  the  concept  of  disseminated 
intravascular  coagulation  (DIC)  and  its  pos¬ 
sible  relevance  to  decompression  sickness. 

THE  BUBBLE  THEORY  — 

THE  HISTORICAL  VIEW 

As  early  as  1670,  Robert  Boyle--  recognized 
the  importance  of  bubble  formation  as  a 
causative  agent  in  the  convulsive  deaths  of 
rapidly  decompressed  animals.  Later  inves¬ 
tigators  alternately  supported  or  disputed  the 
observations  of  bubbles  in  experimental  de¬ 
compression  sickness.  These  inconsistencies 
seemed  to  be  based  on  variations  in  one  or 
more  of  the  following : 

1.  Degree  of  tissue  saturation 

2.  Rate  of  decompression 

3.  Size  and  type  of  experimental 
animals 


4.  Method  and  time  of  bubble  observa¬ 
tion —  (autopsy,  clinical  or  in  vitro 
studies) 

In  decompression  experiments  carried  out 
on  rats,  mice,  cats,  and  rabbits,  Hill  and 
Greenwood  (1907)70-71  found  that  small  ani¬ 
mals  were  relatively  immune  to  decompres¬ 
sion  sickness. 

In  1873,  Bert10’ 17  observed  that  increased 
body  fat  seemed  to  lower  the  tolerance  to 
decompression. 

With  respect  to  the  above  observations,  it 
is  known  that  smaller  animals  have  a  higher 
surface  to  mass  ratio.  Smaller  animals  also 
tend  to  have  a  higher  metabolic  rate  and 
faster  circulation  times.8'  Teleologically, 
there  is  a  direct  correlation  between  the  two 
on  the  basis  of  heat  loss.  It  is  also  known 
that  adipose  tissue  has  a  low  metabolic  rate, 
a  relatively  high  solubility  for  inert  gases, 
and  a  very  meager  blood  supply. 

If  we  may  assume  that  the  primary  result 
of  decompression  is  a  consequential  gaseous 
super-saturation  of  the  blood  and  tissues  then 
we  can  understand  the  vital  role  of  circula¬ 
tion  in  attempting  to  relieve  this  abnormal 
situation.  Thus,  variations  in  bubble  forma¬ 
tion  from  one  tissue  to  another  and  between 
one  animal  and  another  should  be  directly  re¬ 
lated  to  variations  in  blood  flow. 

Autopsy  examinations  have  been  notori¬ 
ously  inconsistent  in  their  support  of  the 
bubble  theory.  Historically,  this  has  been 
limited  by  incomplete  exams  and  reports  and 
also  because  post-mortem  changes  have  ob¬ 
scured  the  picture  to  varying  degrees  de¬ 
pending  on  the  time  of  autopsy. 

In  1878,  Heiberg07’  performed  an  autopsy 
within  a  few  hours  of  death  in  a  fulminating 
case  of  decompression  sickness.  According 
to  the  report,  there  were  no  signs  of  putre¬ 
faction  and  the  skin  of  the  chest,  abdominal 
wall,  and  back  were  covered  with  multiple, 
livid,  reddened  patches.  The  skin  was  also 
emphysematous  to  the  touch.  On  opening  the 
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inferior  vena  cava,  an  extensive  clot  was  ex¬ 
tracted  which  was  filled  with  trapped  air  bub¬ 
bles  of  varying  sizes.  Air  bubbles  were  also 
found  within  the  intestines  and  pyramids  of 
the  kidneys  contained  air.  No  bubbles  were 
seen  in  the  brain  or  in  the  spinal  cord  on  close 
examination,  but  a  thrombus  was  found  in 
the  lower  lumbar  region.74 

The  above  account  is  fairly  typical  of  cases 
of  violent  decompression  illness  which  are 
autopsied  shortly  after  death.  Schaffer, 1,,K 
however,  has  shown  that  the  inconsistency  of 
finding  gaseous  emboli  can  be  explained  on 
the  basis  that  “increased  activity  of  the 
heart  and  lungs  may  rapidly  get  rid  of  the 
gas  bubbles  in  the  blood  so  that  few  or  none 
may  be  present  at  the  time  of  death.”  74  It  is 
also  possible  in  certain  instances  for  some 
tissues  to  continue  liberating  gas  into  the 
circulation  even  after  death.  Again,  there 
may  be  extreme  variability  depending  on  the 
tissue  saturation  and  the  circulatory  status 
before,  during,  and  after  the  actual  moment 
of  death. 

In  vivo  methods  of  observing  gas  bubbles 
have  partially  resolved  some  of  the  contro¬ 
versy  inherent  in  many  of  the  post-mortem 
studies.  As  early  as  1909,  Hill71-7-  made  di¬ 
rect  observations  of  bubbles  in  the  peripheral 
circulation  of  rapidly  decompressed  frogs  and 
other  animals.  In  1945,  Wagner111'  observed 
gas  bubbles  in  the  pial  vessels  of  cats  with 
the  use  of  Forbes  windows.  Similar  tech¬ 
niques  as  these  have  continued  to  variously 
reproduce  intravascular  bubbles  in  living 
specimens/'7-0'1-73 

Most  of  these  studies  indicate  that  decom¬ 
pression  to  one  degree  or  another  can  and 
does  liberate  bubbles  into  the  vasculature. 
According  to  Shilling,112  however,  the  most 
important  question  is  whether  or  not  this  lib¬ 
eration  of  gas  is  the  etiological  factor  in  de¬ 
compression  sickness. 

CRITICISM  OF  THE  BUBBLE  THEORY 

Accounts  of  intravascular  bubble  forma¬ 
tion  have  dominated  the  literature  of  diving 
medicine  for  years.  In  most  instances  this 
has  led  to  the  “propter  hoc,  ergo  hoc”  as¬ 
sumption  that  bubbles  are  the  etiologic  agent 
in  all  cases  of  decompression  illness.  Indeed, 


there  are  hazards  in  this  type  of  reasoning. 
Accounts  have  varied  and  there  has  often 
been  insufficient  evidence  to  explain  the  di¬ 
verse  symptomatology  which  typifies  such 
cases.  It  remains  that  the  most  convincing 
argument  in  favor  of  the  bubble  theory  seems 
to  be  the  dramatic  effect  of  recompression 
therapy. 

There  are  a  number  of  cases  in  the  litera¬ 
ture,  however,  in  which  patients  have  failed 
to  show  significant  improvement  after  recom¬ 
pression  treatment.  Some  cases  involving  de¬ 
compression  to  altitude  have  actually  shown 
an  increase  in  symptoms.  Rodbard100  re¬ 
viewed  14  such  cases  in  1946. 

In  an  earlier  paper,03  the  same  author  dem¬ 
onstrated  that  bends  pain  recurred  at  the 
same  site  upon  decompression  for  periods  up 
to  four  hours.  These  findings  cannot  be  ex¬ 
plained  on  the  basis  of  the  intravascular  bub¬ 
ble  theory.  They  do  seem  to  support  the  pos¬ 
sibility  of  extravascular  bubbles.  According 
to  the  literature,  this  is  not  a  common  finding. 
Heimbecker,67  however,  has  recently  demon¬ 
strated  extravascular  bubbles  as  an  incidental 
finding  in  lethal  decompression  sickness. 

One  of  the  earliest  criticisms  of  the  bubble 
theory  was  that  of  Van  Rensselaer  in  189111B 
when  he  calculated  that  the  quantity  of  gas 
liberated  as  a  result  of  decompression  was 
much  less  than  the  theoretical  amount. 

Swindle,  in  1943, 113  enumerated  a  number 
of  criticisms  which  have  continued  to  be  con¬ 
troversial.  They  are  as  follows : 

1.  It  is  difficult  to  explain  the  lag  period 
(e.g.,  the  period  between  minimum  decom¬ 
pression  and  the  appearance  of  symptoms). 
Sometimes  there  is  a  delay  of  several  hours 
before  symptoms  appear. 

2.  Differences  in  susceptibility  to  decom¬ 
pression  sickness  are  often  marked. 

3.  Experiments  in  which  large  amounts 
of  air  (2,000  cc)  have  been  rapidly  injected 
intravascularly  into  animals  without  harm. 

4.  It  is  seldom  possible  to  demonstrate 
bubbles  in  humans  suffering  from  decompres¬ 
sion  sickness.  When  bubbles  are  demonstrat¬ 
ed  post-mortem,  it  has  almost  invariably  been 
a  case  of  explosive  decompression  and  rapid 
death.  It  is  warned  that  these  bubbles  may 
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not  have  been  present  before  death. 

Shilling"-  in  1941,  also  stated  that  there 
are  a  number  of  facts  difficult  to  reconcile 
with  the  gas  bubble  theory.  As  did  Swindle, 
he  also  criticized  the  often  very  long  interval 
between  decompression  and  manifestations  of 
symptoms.  Another  discrepancy  not  covered 
by  the  bubble  theory  were  cases  which,  after 
prolonged  exposure  to  high  pressures  beyond 
the  maximum  calculated  saturation  time,  it 
was  impossible  to  desaturate  safely  according 
to  the  standard  tables.  In  this  regard,  we  are 
still  having  problems  with  decompression 
schedules  in  saturation  dives  to  great  depths. 
The  problem  of  the  “ideal”  decompression 
model  is  yet  to  be  solved. 

In  addition,  Shilling  considered  variation  in 
susceptibility  in  the  same  individual  under 
identical  working  conditions,  a  difficult  fact 
to  accept.  Recently,  Coburn-11  has  indicated  a 
similar  case  of  wide  variation  of  symptoms  in 
an  individual  subjected  to  identical  exposures. 
He  related  that  “Surely,  in  the  same  individ¬ 
ual,  almost  identical  amounts  of  nitrogen 
would  be  freed  from  the  body  tissues  in  each 
event.” 

Whitehorn,  Lein,  and  Hitchcock1-4  in  1947 
subjected  animals  to  explosive  decompression. 
In  13  guinea  pigs  dying  during  such  expo¬ 
sures,  only  7  showed  intravascular  gas  bub¬ 
bles  after  recompression.  These  workers  con¬ 
sidered  that  intravascular  gas  bubble  forma¬ 
tion  was  a  negligible  hazard  in  explosive  de¬ 
compression.  It  seemed  likely  to  them  that 
anoxia  -was  the  prime  cause  of  the  fatalities 
in  their  experiments. 

Heimbecker117  has  recently  shown  a  surpris¬ 
ing  absence  of  gas  bubbles  in  severe,  non- 
lethal  decompression  sickness.  He  was  able 
to  observe  the  micro-circulation  by  in  vivo 
technique  in  hamsters  and  dogs.  From  his 
experiments,  he  maintains  that  in  severe 
lethal  decompression  sickness,  gas  bubbles 
are  formed  both  intravascularly  and  extra- 
vascularly.  Furthermore,  only  in  those  ani¬ 
mals  dying  of  decompression  sickness  could 
he  ascribe  the  physiological  derangements  to 
gaseous  emboli. 

As  evidenced  by  the  success  of  recompres¬ 
sion  therapy,  it  does  seem  likely  that  bubble 


formation  plays  a  significant  role  in  the  path¬ 
ophysiology  of  decompression  sickness.  There 
probably  are,  however,  other  important  mech¬ 
anisms.  New  approaches  in  this  regard  are 
exemplified  by  Coekett."'--17  He  has  recently 
shown  that  hemoconcentration  is  consistently 
observed  in  decompression  sickness.  Others 
such  as  Heimbecker,  Chryssanthou,  and  Co¬ 
burn  have  investigated  forms  of  “decompres¬ 
sion  collapse”  and  have  elucidated  a  number 
of  possible  mechanisms  which  may  play  a 
vital  role.  This  emphasizes  the  complexity  of 
the  problem  and  the  importance  of  new  ap¬ 
proaches  in  therapy.  Thus,  we  cannot  afford 
to  accept  the  bubble  theory  too  simply  as  an 
explanation  of  decompression  sickness  and 
place  all  our  reliance  on  a  single  form  of  ther¬ 
apy,  that  of  recompression. 


WHAT  IS  DISSEMINATED 
INTRAVASCULAR  COAGULATION? 

According  to  Hardaway,3830  disseminated 
intravascular  coagulation  (DIC)  is  an  acute, 
transient  coagulation  occurring  in  the  flowing 
blood  throughout  the  vascular  tree  which 
may  obstruct  the  microcirculation.  It  may  or 
may  not  result  in  an  accumulation  of  fibrin, 
but  it  does  involve  the  transformation  of  fi¬ 
brinogen  to  fibrin.  It  includes  the  agglutina¬ 
tion  of  red  blood  cells,  and  sticking  of  plate¬ 
lets.  To  understand  these  concepts,  we  will 
briefly  review  the  theory  of  blood  coagulation. 

Current  opinion  seems  to  support  the  con¬ 
tention  that  coagulation  and  clot  lysis  is  a 
continuum.  It  is  assumed  that  fibrinogen 
(which  has  a  half-life  of  approximately  six 
days)  disappears  because  of  its  conversion  to 
fibrin.  It  is  then  removed  by  the  fibrinolytic 
enzymes  (plasmin  or  fibrinolysin)  or  by  the 
reticulo-endothelial  system.  The  speed  of  fi¬ 
brin  accumulation  will  depend  on  the  concen¬ 
tration  of  thrombin,  and  the  speed  of  fibrin 
dissolution  on  the  concentration  of  fibrinoly¬ 
sin  and  the  integrity  of  the  reticulo-endothel¬ 
ial  system.  If  fibrin  is  not  removed  with  the 
same  speed  as  it  is  formed,  then  an  accumula¬ 
tion  will  occur.  This  equilibrium  can  be  dia¬ 
grammed  as  follows : 
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— from  Hardaway3*-50 

According  to  Hardaway,  changes  in  this 
equilibrium  will  result  in  DIC. 

In  his  experimental  model,  Hardaway  used 
intra-venous  injections  of  thrombin,  incom¬ 
patible  blood,  and  amniotic  fluid  in  a  number 
of  dogs  to  provide  similar  results  and  thereby 
induced  episodes  of  DIC.  Characteristic,  was 
the  fact  that  these  episodes  could  be  pre¬ 
vented  by  pre-heparinization.  The  general 
features  of  experimental  DIC  are  as  follows: 
After  injection  there  is  an  immediate  fall  in 
blood  pressure  (with  occasional  immediate 
death),  but  usually  the  blood  pressure  returns 
toward  normal  within  30  to  60  minutes.  Oc¬ 
casionally  there  is  a  secondary  fall  in  blood 
pressure  and  death  within  24  hours.  During 
the  initial  systemic  hypotension  there  is  al¬ 
ternate  hypotension  of  the  right  atrium,  vena 
cava,  and  portal  systems.  This  is  primarily 
due  to  the  obstruction  of  the  micro-circulation 
of  the  lungs,  liver,  and  other  tissues  (consist¬ 
ing  of  thrombi  formation  in  capillaries  and 
secondary  venospasm).  The  drop  in  the  left 
atrial  pressure  then  causes  a  decrease  in  car¬ 
diac  output  and  decreased  arterial  blood  pres¬ 
sure  in  spite  of  increased  peripheral  resist¬ 
ance  due  to  thrombosis  and  venospasm.  A 
bleeding  tendency  usually  develops  with  cap¬ 
illary  oozing,  hyperpnea,  increased  peristalsis 
and  frequently,  urination  and  defecation  with 
bloody  diarrhea. 

Hematologic  changes  consist  of  a  fall  in 
blood  clotting  elements  including  fibrinogen, 
prothrombin  and  platelets ;  the  appearance  of 
endogenous  fibrinolysin  and  heparin-like  sub¬ 
stance;  and  a  prolonged  clotting  time  sec¬ 
ondary  to  any  or  all  of  the  above. 

Typical  pathologic  changes  consist  of  hem¬ 
orrhagic  necrosis  of  the  G.  I.  mucosa ;  severe 
congestion  of  the  abdominal  viscera  (liver, 
kidneys,  etc.) ;  and  microscopic  occlusion  of 
capillaries  and  other  small  vessels  by  thrombi 
with  secondary  focal  necrosis  around  the 


thrombi  and  hemorrhage.  The  thrombi  con¬ 
sist  of  platelets  and  fibrin,  but  are  predom¬ 
inantly  congealed,  packed  and  lysed  red  blood 
cells  or  white  blood  cells.  The  characteristic 
lung  changes  are  not  necrosis  but  effusion  of 
blood  and  fluid  into  the  alveoli. 

It  must  be  realized  that  the  above  is  the 
purest  example  of  DIC  as  reproduced  under 
ideal  laboratory  conditions,  Mechanisms  of 
DIC  are  quite  variable  and  have  differing 
clinical  and  pathological  features.  Basic  to 
all,  however,  is  the  characteristic  widespread 
thrombosis  (sometimes  only  evanescent)  in 
small  vessels  and  capillaries  with  secondary 
depletion  of  the  clotting  elements. 

Hardaway  describes  numerous  clinical 
states  in  which  there  is  good  evidence  for 
DIC.  These  include  shock,  acute  renal  failure, 
hemolytic  syndromes,  syndromes  of  late  preg¬ 
nancy  (e.g.,  eclampsia,  defibrination  syn¬ 
drome),  fat  embolism,  Shwartzman  reaction, 
and  extra-corporeal  circulation. 

In  traumatic  shock,  DIC  may  occur  by  sev¬ 
eral  different  mechanisms  which  may  operate 
simultaneously.  These  will  be  described 
below : 

(1)  With  hemorrhage  and  trauma 
there  is  an  increase  in  catacholamines  and 
resultant  arteriolar  vasoconstriction.  Accom¬ 
panying  this  is  a  simultaneous  opening  of 
A-V  shunts  to  the  capillaries  (80%  of  which 
are  normally  closed).  The  capillaries  prob¬ 
ably  open  by  local  histamine  produced  from 
mast  cells  secondary  to  anoxia.  The  volume 
of  the  vascular  tree  (but  not  the  blood)  may 
then  double  with  resulting  widespread  cap¬ 
illary  pooling.  This  markedly  decreases  cap¬ 
illary  flow  and  leads  to  capillary  and  venous 
acidosis  secondary  to  lactic  acid  accumula¬ 
tion.  Slow-flowing,  acid  blood  is  hypercoagu- 
lable  and  together  with  thromboplastin 
(from  hemolyzed  red  blood  cells)  there  re¬ 
sults  widespread  intracapillary  coagulation. 
This  consumes  the  clotting  factors,  halts  per¬ 
fusion,  and  may  lead  to  cellular  death  and 
micro-infarction.  Usually,  the  capillary  clots 
are  dissolved  by  endogenous  fibrinolysin.  If 
they  remain  long  enough,  however,  focal  tis¬ 
sue  necrosis  will  occur.  Often  capillary  flow 
is  restored  too  late  (to  be  effective)  and  cellu¬ 
lar  death  superimposes  in  the  area  supplied. 


4 


Pathologic  tissue  examination  of  severe 
human  shock  cases  have  shown  residual  un¬ 
lysed  clots  in  capillaries  of  the  lungs,  kidneys, 
spleen,  and  intestines.  In  many  cases  routine 
microscopic  tissue  pathology  will  fail  to  find 
capillary  thrombi  in  significant  numbers.  The 
main  reason  for  this  is  the  temporary  nature 
of  the  thrombi. 

In  dogs  given  intravenous  incompatible 
blood,  thrombi  were  quite  evident  in  renal 
capillaries  15  minutes  later,  but  they  rapidly 
decreased  in  number  thereafter.  The  disap¬ 
pearance  of  the  thrombi  correlated  with  a 
simultaneous  increase  in  endogenous  fibrino- 
lvsin  from  20  to  60  minutes. 

(2)  Although  the  capillaries  and  the 
microcirculation  are  the  primary  sites  of  vas¬ 
cular  occlusion,  DIC  may  occur  in  other  areas 
throughout  the  vascular  tree.  Fibrin  may  de¬ 
posit  on  any  available  surface,  the  largest  one 
being  the  surface  of  red  blood  cells.  This  has 
been  well  documented  in  32  cases  of  humans 
dying  of  shock.  Some  interesting  observa¬ 
tions  in  these  cases  were  the  uniform  pres¬ 
ence  of  rounded  or  ovoid  globules.  Some 
showed  centrally  located  bubble-like  areas. 
Smaller  globules  were  shown  by  histochem- 
ical  stains  to  be  occupied  by  red  blood  cells  in 
the  center  with  outer  fibrin  coats.  Larger 
globules  with  bubble-like  centers  seemed  to 
be  totally  composed  of  fibrin  with  trapped  or 
destroyed  red  blood  cells.  The  mechanism  of 
formation  seems  to  be  that  under  certain  con¬ 
ditions  red  blood  cells  begin  to  accumulate 
fibrin.  They  then  degenerate  to  form  large 
globules  or  continue  to  circulate  and  add 
fibrin  until  they  are  large  enough  to  cause 
small  vessel  occlusion.  Coagulation  then  oc¬ 
curs  behind  and  in  front  of  the  globule.  The 
red  blood  cells  disintegrate  and  release  hemo¬ 
globin  and  thromboplastin  to  the  periphery, 
thus  perpetuating  the  event. 

In  dogs  subjected  to  irreversible  hemor¬ 
rhagic  shock,  rouleau  formation  was  observ¬ 
ed.  After  2  and  V->  hours,  agglutination  of 
red  blood  cells  occurred  and  many  of  the  red 
blood  cells  took  a  fibrin  stain.  Blood  studies 
showed  a  decrease  in  fibrinogen  and  platelets 
and  prolonged  silicone  clotting  times. 

(3)  Another  mechanism  is  platelet  ag¬ 
glutination.  Injection  of  endotoxin  or  incom¬ 


patible  blood  will  cause  widespread  platelet 
agglutination.  These  gradually  fuse  together, 
obstruct  small  vessels  and  liberate  thrombo¬ 
plastin.  This  causes  fibrin  accumulation  at 
the  site  of  the  platelet  clump  or  circulates 
and  causes  fibrin  deposits  on  other  surfaces 
(notably  red  blood  cells  as  above).  In  addi¬ 
tion,  the  thrombin  is  capable  of  causing  fur¬ 
ther  agglutination  and  destruction  of  plate¬ 
lets  (this  has  been  shown  in  vivo  as  well  as  in 
vitro). 

Any  or  all  of  the  above  mechanisms  may 
result  in  temporary  or  permanent  occlusion 
of  the  micro-circulation.  The  process  may 
start  in  the  capillaries  and  extend  directly; 
or  platelets  and  red  blood  cells  may  accumu¬ 
late,  collect  fibrin,  and  enlarge  enough  to  oc¬ 
clude  other  areas  of  the  micro-circulation. 

The  onset  of  DIC  is  heralded  by  the  pro¬ 
duction  of  a  clotting  defect.  This  may  come 
on  quickly  and  within  a  few  minutes.  Because 
of  widespread  DIC,  vast  quantities  of  clotting 
factors  are  used  up  and  the  remaining  blood 
becomes  deficient.  The  coagulation  defect 
may  be  evidenced  by  nothing  more  than  a 
prolonged  silicone  clotting  time.  Of  course 
this  is  most  often  missed  because  it  is  not 
usually  checked  unless  there  is  clinical  evi¬ 
dence  of  bleeding.  In  the  extreme,  the  bleed¬ 
ing  may  be  so  great  as  to  cause  intractable 
fatal  hemorrhage.  The  bleeding  tendency  is 
due  to  a  decrease  in  any  or  all  eleven  of  the 
clotting  factors  and  platelets.  The  endogenous 
activation  of  heparin  and/or  the  fibrinolvsin 
system  is  the  body’s  attempt  to  protect  itself 
against  this  widespread  clotting  process. 

Shock  is  a  cardinal  manifestation  of  DIC 
and  occurs  to  a  greater  or  lesser  extent  in  all 
sysdromes  of  DIC.  Shock  has  been  defined  as 
characterized  by  low  arterial  blood  pressure 
or  a  disparity  in  volume  between  the  blood 
and  the  vascular  bed. 

According  to  Hardaway  it  is  possible  (and 
in  fact  common)  to  have  “shock”  with  nor¬ 
mal  or  increased  blood  pressure.  It  is  also 
possible  to  have  “shock”  with  either  cold, 
moist,  pale  skin  or  warm,  pink,  dry  skin  (e.g., 
arsenic  poisoning  or  shock  secondary  to  spinal 
anesthesia  or  vasodilators).  It  is  said  that 
shock  is  always  reversible  and  that  recovery 
takes  place  if  transfusion  is  adequate.  This 
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is  usually  true,  however,  patients  die  of  shock 
even  after  apparently  adequate  blood  replace¬ 
ment.  There  is  general  agreement  that  early 
shock  is  either  due  to  decreased  blood  volume 
or  increased  vascular  capacity  or  both.  But, 
the  big  controversy  is  over  so-called  “irrever¬ 
sible  shock,”  when  there  is  seemingly  no  re¬ 
sponse  to  adequate  blood  replacement.  In 
these  cases  the  well-being  of  each  individual 
cell  depends  on  an  adequate  environment  to 
furnish  nutrition  and  carry  away  metabolites. 
This  is  determined  by  the  composition  of  the 
blood  and  the  adequate  blood  flow  through 
the  capillary  serving  the  cell.  In  shock,  this 
blood  flow  is  disturbed.  Shock  can  thus  be 
defined  as  “inadequate  capillary  perfusion,” 
and  if  this  condition  persists  for  any  length 
of  time  it  certainly  may  become  irreversible. 

DIC  AND  DECOMPRESSION  SICKNESS 

There  are  numerous  cases  in  the  literature 
in  which  shock  is  a  significant  feature  of  de¬ 
compression  sickness.  According  to  Lamph- 
ier,8"  signs  of  shock  have  been  noted  in  nearly 
50 cf  of  tunnel  workers  with  other  symptoms 
besides  pain.  Most  cases  have  occurred  sec¬ 
ondary  to  rapid  decompression  and  many  of 
them  have  demonstrated  similar  findings. 
Coburn'1  describes  such  cases  as  “Decom¬ 
pression  Collapse  Syndrome.” 

According  to  Hardaway,'1'  in  almost  every 
type  of  shock  (cardiogenic  shock  being  a  rare 
exception)  DIC  probably  occurs  to  some  de¬ 
gree.  Very  often  it  plays  a  significant  role  in 
the  pathophysiological  derangement. 

As  described  in  the  previous  section,  intra¬ 
vascular  agglutination  is  one  of  the  mech¬ 
anisms  whereby  an  episode  of  DIC  may  be 
precipitated.  Swindle1115  (1937)  and  End44 
(1938)  maintain  that  agglutinated  red  blood 
cells  may  be  the  primary  disturbance  in  com¬ 
pressed  air  illness,  and  that  bubble  formation 
may  be  looked  upon  as  essentially  a  serious 
complicating  factor.  Their  experiments  show¬ 
ed  that  rapid  decompression  in  animals 
caused  exaggerated  agglutination  of  cells 
within  the  blood  vessels  and  even  when  it  was 
impossible  to  demonstrate  any  gas  bubbles, 
some  of  the  animals  showed  vascular  in¬ 
farcts.  Some  of  their  experiments  utilized  in 
vivo  techniques  of  observing  the  micro-circu¬ 


lation.  Furthermore,  Swindle11"'  demonstrated 
that  CO^  will  cause  an  increase  in  the  extent 
and  duration  of  intravascular  agglutination, 
whereas  alkalization  and  0-  administration 
tend  to  diminish  or  prevent  this  phenomenon 
just  as  they  tend  to  diminish  or  prevent 
caisson  disease.  This  correlates  well  with 
the  increased  incidence  of  bends  seen  with 
exercise. 

Unpublished  observations  of  End  and  Van 
Hecke74  indicate  that  there  is  a  fall  in  the 
CCD  combining  power  of  the  blood  during  pro¬ 
longed  compression.  This,  according  to  these 
authors,  may  explain  why  the  difficulty  on 
decompression  increases  even  after  complete 
saturation  with  nitrogen  (because  of  the  in¬ 
creased  tendency  toward  acidity  of  the  blood 
which  favors  agglutination).  End  does  not, 
however,  believe  that  the  importance  of  bub¬ 
ble  formation  can  be  denied  and  states  that  if 
severe,  it  may  dominate  the  clinical  and  post¬ 
mortem  picture. 

It  may  be  that  bubble  formation  is  more 
intimately  involved  in  this  process  than  we 
realize.  Any  slowing  of  the  circulation  will 
tend  to  increase  the  likelihood  of  bubble  for¬ 
mation  as  maximum  circulation  seems  to  be 
necessary  in  order  to  adequately  remove 
gases  from  the  supersaturated  tissues.  Thus, 
the  delay  (or  lag  period)  often  seen  in  bubble 
formation  may  be  the  period  during  which 
circulation  is  slowed  because  of  intravascular 
agglutination. 

Ecchymotic  skin  lesions  and  small  vascular 
infarcts  are  a  common  finding  in  may  cases 
of  decompression  sickness.74  Shaffer74’ 108  de¬ 
scribes  these  as  “capillary  echymosis.”  These 
lesions  are  often  assumed  to  be  secondary  to 
direct  obstruction  of  the  vasculature  by  small 
bubbles.  Often,  however,  they  are  probably 
due  to  non-gaseous  emboli.  These  minute  in¬ 
travascular  clots  may  be  difficult  to  demon¬ 
strate  because  of  the  very  active  fibrinolytic 
system  (see  section  IV).  Swindle115  has  dem¬ 
onstrated  non-gaseous  emboli  as  a  very  com¬ 
mon  finding  in  animals  subjected  to  decom¬ 
pression.  In  many  of  the  same  animals,  gas 
bubbles  were  strikingly  absent.  He  states 
that  “fragile,  non-gaseous  emboli,  apparently 
formed  by  flocculation  of  plasma,  can  be  dem¬ 
onstrated  by  injecting  the  vessels  with  india 


6 


ink  and  dissecting  out  the  emboli.  The  em¬ 
boli  are  very  fragile.  Their  location  can  be 
foretold  by  the  behavior  of  the  animal  when 
it  bites  at  or  indicates  discomfort  in  a  certain 
part  of  the  body.  Injected  ink  flows  only  as 
far  as  the  embolus  and  the  pale  area  not  filled 
with  ink  is  an  area  of  infarction.  We  have 
uncovered  no  new  evidence  which  causes  us 
to  doubt  that  a  non-gaseous  embolus  element 
is  a  profound  factor  in  causing  decompression 
sickness." 

If  DIC  does  play  a  significant  role  in  de¬ 
compression  sickness  it  seems  probable  that 
coagulation  studies  should  show  some  ob¬ 
servable  changes.  Although  bleeding  tenden¬ 
cies  have  been  clinically  recognized  and  are 
not  uncommon,  very  few  coagulation  studies 
have  been  done  in  conjunction  with  decom¬ 
pression  sickness.74' n7- 117 

In  1933,  Aggazzotti,-  at  the  University  of 
Modena,  Italy  studied  coagulation  times  in 
animals  (dogs  and  rabbits)  before  and  during 
decompression  after  exposures  to  pressures 
varying  from  6  to  11  atmospheres.  He  found 
a  shortening  in  coagulation  time  in  most  of 
the  cases  (12  out  of  17)  and  an  increase  in 
coagulation  time  in  4  out  of  17  animals.  The 
increase  in  coagulation  time  seemed  to  occur 
in  sick  animals  or  those  showing  symptoms 
of  decompression  sickness.  At  first,  these  re¬ 
sults  seem  difficult  to  explain.  Nevertheless, 
Hardaway'8  finds  that  hypercoagulation  often 
precedes  an  episode  of  DIC.  These  events 
may  not  always  culminate  in  DIC,  but  they 
do  predispose  or  "set  the  stage”  for  such  an 
event. 

In  1958,  the  French  investigators  Jullien, 
Leandri  and  Crozat81  experimented  on  ani¬ 
mals  and  man  using  the  heparin  test  on 
animals  and  thromboelastography  on  man. 
They  found  blood  disturbances,  the  most  im¬ 
portant  being  a  tendency  toward  increased 
coagulation  shown  by  the  heparin  test  and 
the  thromboelastogram  which  appears  in 
both  animals  and  man  when  decompression  is 
too  rapid.  These  disturbances  occur  very 
early  and  are  seen  as  atmospheric  pressure  is 
reached.  Because  they  occur  even  without 
perceptible  symptoms  they  can  be  considered 
a  pathological  sign  because,  when  rules  of 
ascent  are  respected,  no  such  phenomena  are 


seen.  When  there  was  an  increase  in  COa  in 
the  breathing  mixture,  the  blood  disturb¬ 
ances  observed  were  more  prominent. 

Barthelemy10  in  1963,  found  that  coagula¬ 
tion  was  altered  during  rapid  decompression 
in  mice,  rats,  and  rabbits.  There  was  hyper¬ 
coagulability  in  simulated  dives  to  30  meters 
and  hypocoagulability  at  60  meters.  Because 
of  earlier  favorable  results  in  using  heparin 
as  an  adjuvant  agent  in  recompression  treat¬ 
ment  in  rabbits,  it  was  also  tried  in  five 
human  cases.  It  was  administered  in  doses  of 
50-100  mgms.  twice  a  day.  According  to  the 
authors,  “spectacular  improvements”  were 
noted  and  in  no  instance  was  there  any  ag- 
grevation  of  symptoms. 

These  same  experimenters  did  observe 
bubbles  in  some  of  their  animal  studies.  They 
maintained  that  “the  bubbles  increase  blood 
platelet  clumping,  aggluination  of  erythro¬ 
cytes  and  formation  of  plasma  flocculates 
which  provoke  thrombosis.10  Although  they 
maintain  that  there  is  little  risk  of  hemor¬ 
rhage  with  the  doses  of  heparin  they  em¬ 
ployed,  they  recommend  its  use  only  for 
severe  cases  of  decompression  sickness  in 
which  the  prognosis  is  bad  and  in  which  there 
is  no  improvement  in  spite  of  classic  treat¬ 
ment. 

Hardaway'*  states  that  exogenous  admin¬ 
istration  of  anticoagulants  in  cases  of  DIC 
have  been  disappointing.  He  gives  the  fol¬ 
lowing  reasons  for  this: 

1.  Heparin  is  effective  only  in  prevent¬ 
ing  thrombosis,  not  in  correcting  it. 

2.  Heparin  is  inactivated  in  the  pres¬ 
ence  of  acidosis,  a  state  which  al¬ 
ways  accompanies  DIC. 

3.  Heparin  has  no  effect  on  platelet  ag¬ 
glutination  (sometimes  an  important 
initiator  of  DIC). 

If  given  in  time,  it  seems  that  heparin 
might  be  effective  in  some  cases,  in  accord¬ 
ance  with  Barthelemy’s  results.  Most  often, 
however,  by  the  time  DIC  is  diagnosed,  it  is 
given  too  late  to  be  of  any  value. 

Many  other  adjuvant  forms  of  therapy 
have  been  tried  in  decompression  sickness.28' 
s:c»i  of  these,  Dextran  seems  to  show  the 
most  promise.  Recently,  Cockett  has  shown 
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that  plasma  volume  expanders  have  brought 
about  dramatic  recovery  in  cases  of  rapid 
decompression."4- ;i,i  He  maintains  that  early 
institution  of  appropriate  corrective  therapy 
will  lower  the  present  mortality  rate  of  35% 
from  shock  which  may  accompany  moderate 
to  rapid  decompression.  According  to  him, 
this  mortality  rate  has  remained  constant 
during  the  past  15  years.140 

Cockett  has  consistently  observed  signi¬ 
ficant  hemoconcentration  with  as  much  as 
30  to  40  / 1  plasma  deficits  in  both  experi¬ 
mental  and  human  cases  of  decompression 
sickness.  He  believes  that  plasma  expanders 
act  primarily  by  correcting  this  deficit.  The 
exact  mechanism  which  causes  this  plasma 
deficit  has  yet  to  be  elucidated.  It  is  sug¬ 
gested  that  inadequate  microcirculation  may 
be  important.  Heimbecker00  maintains  that 
vascular  stasis  plays  a  critical  role  in  the 
mechanism  of  traumatic  shock  and  it  seems 
to  offer  an  explanation  for  local  and  general¬ 
ized  fluid  loss.  The  development  of  tissue 
edema  in  association  with  increasing  red  cell 
agglutination  and  stasis  has  been  observed  in 
vivo. 1,4  Knisely*0  has  suggested  that  this  is 
probably  due  to  embolic  blockage  of  small 
vessels  by  circulation  clumps  of  erythrocytes 
producing  capillary  hypoxia  and  increased 
permeability. 

According  to  Evarts4R  "low  molecular 
weight  Dextran  exerts  its  greatest  effect 
upon  the  peripheral  circulation  when  there  is 
an  impairment  by  erythrocyte  aggregation  or 
by  diminished  perfusion  pressures.”  Further¬ 
more,  he  states;  “The  mechanisms  by  which 
low  molecular  weights  Dextran  exerts  its  in¬ 
fluence  upon  the  microcirculation  are  inti¬ 
mately  associated  with  the  pathophysiology 
of  erythrocyte  aggregation.”  He  gives  four 
basic  mechanisms  whereby  low  molecular 
weight  Dextran  appears  to  alter  erythrocyte 
sludging  and  reduce  blood  viscosity: 

1.  It  creates  rapid  plasma  volume  ex¬ 
pansion  which  results  in  fluid  dilu¬ 
tion  and  a  reduction  in  hematocrit 
value. 

2.  It  may  form  a  complex  with  plasma 
fibrinogen,  and  hence  temporarily 
abate  the  known  effect  on  viscosity 
by  fibrinogen. 


3.  It  has  an  affinity  for  the  erythrocyte 
membrane  and  subsequently  increase 
erythrocyte  negativity  and  repulsion 
between  erythrocytes. 

4.  It  exerts  a  siliconizing  effect  upon 
injured  walls  of  blood  vessels,  result¬ 
ing  in  peripheral  flow  improvement. 

With  respect  to  the  last  point,  it  is  inter¬ 
esting  that  Heimbecker  emphasizes  the  use 
of  siliconized  clotting  times  in  detecting  epi¬ 
sodes  of  DIC.  Siliconized  clotting  times  are 
more  sensitive  in  view  of  the  fact  that  the 
surface  activating  factors  (factors  XI  and 
XII)  are  not  “short  circuited.”  These  factors 
seem  to  have  a  significant  influence  on  coagu¬ 
lation,  as  siliconized  clotting  times  are  twice 
to  three  times  that  of  the  standard  Lee  and 
White  glass  clotting  times.  It’s  possible  that 
the  surface  tension  in  small  intravascular 
bubbles  found  in  decompression  sickness  may 
help  activate  factors  XI  and  XII  and  thereby 
precipitate  episodes  of  DIC. 

Hardaway  points  out  that  DIC  is  very  like¬ 
ly  an  important  mechanism  in  coagulation  de¬ 
fects  found  in  extra-corporeal  circulation.  It 
may  be  significant  that  most  problems  in  this 
regard  are  found  in  heart-lung  by-pass  (in 
contrast  to  just  heart  by-pass),  where  mil¬ 
lions  of  small  bubbles  are  an  inevitable  con¬ 
sequence  of  the  membrane  oxygenator.  This 
situation  is  certainly  reminiscent  of  decom¬ 
pression  sickness. 

CONCLUSIONS 

Disseminated  intravascular  coagulation  is 
an  acute,  transient  coagulation  occurring  in 
the  flowing  blood  throughout  the  vascular 
tree  which  may  obstruct  the  microcirculation. 
As  described  by  Hardaway, ss  DIC  occurs  in  a 
variety  of  disease  states,  however,  shock  is 
its  most  typical  feature. 

A  research  of  the  literature  has  shown  for 
the  first  time  that  DIC  probably  occurs  in  de¬ 
compression  sickness,  especially  in  cases  of 
“decompression  shock”  or  “decompression 
collapse  syndrome.”  It  may  occur  alone  or  in 
conjunction  with  intravascular  bubble  forma¬ 
tion.  In  most  cases  DIC  probably  precipitates 
intravascular  bubble  formation,  but  in  some 
cases  the  bubbles  themselves  may  be  respon¬ 
sible  for  perpetuating  DIC. 
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More  studies  are  needed  to  fully  elucidate 
the  role  of  DIC  in  decompression  sickness, 
however,  this  is  an  important  new  approach 
and  it  does  help  to  explain  many  of  the  in¬ 
adequacies  of  the  bubble  theory.  The  occur¬ 
rence  then  of  DIC  in  decompression  sickness 
does  not  dispute  the  bubble  theory.  It  is  an 
addition  (rather  than  a  substitution)  which 
makes  it  more  explainable. 

At  preesnt,  the  most  successful  adjunct  to 
recompression  therapy  is  Dextran,  and  its 
known  mechanisms  of  action  are  intimately 
concerned  with  reversing  the  conditions 
which  precipitate  DIC.  Hopefully,  other  new 
adjunctive  forms  of  therapy  will  follow.  It 
seems  likely  that  recompression  will  continue 
to  be  the  mainstay  in  treating  decompression 
sickness,  however,  sole  reliance  should  not  be 
placed  on  any  single  form  of  therapy. 
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